Abstract: This paper presents a novel current-biased voltage-programmed pixel circuit with low temperature polycrystalline silicon thin film transistors (LTPS-TFT) for active-matrix organic light-emitting diode (AMOLED) displays. The proposed 3T1C pixel circuit features a voltage data line to program pixel, and a fixed current source to compensate for non-idealities. In addition, the aging problem of the OLED could also be alleviated by the AC driving method. The simulation results indicate that the driving current has a deviation of less than 3% for ²0.5 V threshold voltage variation. Besides, it is also demonstrated that the high driving speed can be realized by increasing the bias current.
Introduction
The active-matrix organic light-emitting diode (AMOLED) displays have shown a promising future for display applications due to their advantages of self-luminous, lightweight, high contrast ratio and quick response rate [1, 2, 3] . Among all the backplane manufacturing technologies of AMOLED displays, low-temperature polycrystalline silicon thin-film transistors (LTPS-TFTs) are widely used for their high mobility [4, 5, 6] . In general, the brightness is determined by the current flowing through the OLED. In the conventional two transistors and one capacitor (2T1C) pixel circuit in Fig. 1 , the brightness uniformity is always deteriorated by the variations in threshold voltage and mobility of the driving TFTs as well as the current-resistance (I-R) voltage drop in the power line [7, 8, 9] .
To overcome these weaknesses, many driving methods have been investigated. According to the diversity of input signal, the driving methods could be commonly divided into voltage programming and current programming. For voltage programming, in order to take all of the non-idealities (i.e., threshold, mobility, parasitic resistors etc.) into account, a number of additional TFTs and capacitors are indispensable [10, 11, 12, 13] , which would lead to low aperture ratio (AR) problem. Moreover, for the reason that the TFTs usually work close to subthreshold region during compensation period, threshold voltage sampling may consume most of the row time, which limits the display resolution [14] . For current programming method, although it could effectively improve the display luminance uniformity, a long programming time is required for low data current (<100 nA) [15, 16] .
In 2007, a hybrid driving method called current-biased voltage-programmed (CBVP) pixel circuit was proposed to achieve both the accurate compensation and short settling time [17] . However, the complexity of its 5T2C structure results in a small AR. Recently, a novel 2T2C CBVP pixel circuit with IGZO-TFTs was proposed [18] , which featured great improvements on high AR. However, OLEDs are often faced with aging problem, because the bias current flowing through the OLED would be large if the parasitic capacitance on the current line was not ignorable. Moreover, the pixel circuit was incompatible with the LTPS technology of AMOLED displays, since n-type TFTs could produce the hot carrier stress and degrade reliability [19] .
In this work, a novel 3T1C CBVP pixel circuit based on LTPS is proposed. The pixel structure and its operation principles are analyzed in Section 2. Then the simulation results are discussed in Section 3. Finally a conclusion is made in Section 4.
Proposed AMOLED pixel circuit and operation
The schematic of the proposed pixel circuit is shown in Fig. 2(a) . The pixel circuit consists of one p-channel driving TFT (T0), two p-channel switching TFTs (T1, T2), one storage capacitor (C) and one OLED. SCAN[n] is the row scan signal and ELVSS is a global dynamic cathode voltage of the OLEDs. The current line and data line provide the pixels with a constant biased current I b and programming data voltage V data , respectively. The operation scheme of the proposed pixel circuit can be divided into programming phase and emission phase, as shown in Fig. 2(b) .
During the programming phase, SCAN[n] of selected row is set to low level, so that the transistors T1 and T2 are turned on. Meanwhile, the ELVSS is set to a high voltage, so that all OLEDs on the display panel keep in reverse-biased condition and remain non-luminous. In this way, the aging problem of the OLED could be alleviated [20, 21, 22] . As shown in Fig. 3 (a), the C gs1 and C gs2 represent the parasitic gate-source-capacitor of T1 and T2, respectively, while V L and V H represent the low level and high level of the digital control signal. The biased current I b flows through T0, T1 and T2, so that the voltage of node A would be discharged rapidly.
In the end of the programming period, the voltage on node A could be calculated by following equation:
where μ is carrier mobility and C OX is oxide capacitance per unit area. W, L and V th are the width, length and threshold voltage of T0, respectively. In the meantime, the data voltage V data is applied to the data line, so the voltage across the capacitor C is equal to V A À V data . In this way, the data voltage and the non-idealities, including threshold voltage, mobility and IR drop voltage in the power line, are stored on the capacitor. When the pixels are programmed row by row, the charge stored in the programmed pixels will not be influenced by the change of the DATA line, because the leakage current on capacitor is usually small enough to be ignored. Note that the discharge time is short and voltage error of pixels with different data voltage are almost equal because of the fixed bias current. Therefore, by controlling the bias current, it is convenient to adjust the programming time to the panels with different resolution, as well as the parasitic capacitors and resistors related to the panel size.
At the end of the programming phase, the SCAN signals of all rows are set to high, and a reference voltage V ref is applied to all DATA lines before ELVSS is set to low voltage. After that, all OLEDs turn into emission at the same time, as shown in Fig. 3(b) . The stored charge quantity on node A in the programming phase and emission phase could be expressed as:
The capacitor of OLED is not considered in (3) and (4) because T1 is switched off before ELVSS is set to low. According to the law of charge conservation, Q p is equal to Q e , so V A A could be expressed as follows:
For C ) C gs1 þ C gs2 , equation (5) can be simplified as:
Therefore, the current flowing through the OLED is derived as follows:
According to equation (8) , the driving current is independent of the threshold voltage of driving TFT. As for the mobility μ, since it appears both on the numerator and denominator, the effect of mobility variation of TFTs can be also alleviated to a certain extent by using the proposed circuit.
Simulation results and discussion
To verify the proposed pixel circuit, simulations are performed by HSPICE software. The width and length of the channel are set to 10 µm/5 µm for switching transistors and 10 µm/20 µm for driving transistor T0. The capacitance of C is 1.8 pF, and the OLED is emulated by an n-type diode-connected TFTs and a parallel equivalent capacitor of 1.2 pF. All design parameters of the proposed pixel circuit are listed in Table I . The layout of a single proposed sub-pixel with a size of 150 m Â 50 m is shown in Fig. 4 .
The simulations are performed by using the Rensselaer Polytechnic Institute (RPI) poly-Si TFT model (Level 62). The characteristics of OLED and driving TFT used in the simulations are shown in Fig. 5(a) and (b) , respectively. The threshold voltage of TFT in this work is set to −2.0 V and the mobility is set to 40 cm 2 /V·s. For ease of analysis, the transient simulation is performed with five row operations. It is clear that the variations in threshold voltage and mobility of the pixel in the first row are effectively extracted in the programming period, respectively, as shown in Fig. 6(a) and (b) . Because the V ref and V data are both set to 4 V for the first row, it can be evaluated that the coupling voltage Vc due to the parasitic capacitor of T1 and T2 is about 0.19 V. Fig. 7 shows the relationship between V data and IOLED with AE0:5 V threshold voltage variation when a 3 V reference voltage is applied. The current of OLED ranges from 8 nA to 1.3 µA over the entire range of V data . Compared with conventional 2T1C pixel circuit with the same driving TFT and power supply voltage, the three curves of the proposed 3T1C pixel circuit with different ÁV th almost coincide, which demonstrates their independence of the threshold voltage variation. Fig. 8 presents the error rate of OLED current of the proposed pixel circuit over the range of V data , with AE0:5 V threshold voltage variation of the driving TFT. The error rate of OLED current is defined according to following equation [16, 17] : As shown in Fig. 8 , the driving current error rate in the proposed pixel circuit is suppressed below 3% for AE0:5 V threshold voltage variation.
In order to analyze the OLED current variation against the mobility drift, the mobility of driving TFT is swept from 30 cm 2 /V·s to 50 cm 2 /V·s, with 2 µA driving current for both conventional 2T1C and proposed 3T1C pixel circuit. As shown in Fig. 9 , the influence of mobility variation in the proposed pixel circuit is significantly alleviated.
According to the analysis in section 2, a large fixed bias current could be used to reduce the settling time, especially for the maximum voltage swing with the minimum data current. For typical AMOLED display panels, the parasitic capacitance of a data line is close to tens of pF. Fig. 10 shows the simulation results of the settling time for 30 pF and 60 pF with maximum voltage swing when the bias current is swept from 1 µA to 20 µA. Simulation result shows that the settling time is effectively reduced with increasing bias current in both cases. The curve of the settling time is nonlinear, because the maximum voltage swing of node A in Fig. 2 becomes larger with the increasement of bias current. Therefore, increasing current I b could not reduce settling time infinitely. In the meantime, the effectiveness of compensation becomes better when the I b is close to the range of I OLED . So the I b should be carefully optimized according to the capacitor, the range of I OLED , and panel resolution.
Conclusion
In this paper, an AC driving, current biased and voltage programmed AMOLED pixel circuit is presented. The simulation results show that by using the proposed circuit, the OLED could be reverse-biased periodically during operation, and the brightness uniformity is effectively improved because of its immunity against the driving transistor threshold voltage variation and IR drop in the power line. By combining the data input with the compensation, the AMOLED could be operated in a simple 2-period driving scheme, which ensures sufficient programming and emission time for high resolution.
